Abstract Atmospheric pressure abnormal glow discharge (APAGD) was carried out simply with a transformer of 1 : 500 driven by a alternating current with a frequency of 50 Hz. Typical stable discharge parameters, namely voltage of 400 V to 850 V and current of 60 mA to 110 mA were measured by oscillograph. Simulation of the discharge process suggested that the stable discharge was supported by the impedance from the secondary coil of the transformer, which offered a negative feedback to prevent the discharge from turning into an arc. An interpretation was given for the oscillogram of the sinuous discharge current and square voltage. Furthermore, the electron temperature and electron density averaged in the discharge channel of APAGD were estimated.
Introduction
The development of an atmospheric pressure plasma (APP) source is a current trend in plasma applications. Dielectric barrier discharge (DBD), corona discharge and arc plasma are typical APP sources widely used in various processes, such as chemical synthesis, environmental science, and material science [1, 2] . However, due to the spatial and temporal non-uniformity and lower power density of the DBD and corona discharge [3] , as well as the high temperature and power density of arc plasma, their applications are limited in some situations [4] .
In order to meet the needs of more practical applications, most of the research efforts in atmospheric plasma development have been focused on increasing the plasma dimension and uniformity, and improving the power density in the plasma space. DUAN [5] , MACHALA, LAUX et al [6] designed an atmospheric pressure glow discharge plasma generator (APGD). To avoid the instability of electrons or glow-to-arc transition, a large ballasted resistor was used to provide a negative feedback. YANG et al [7] reported a multichannel atmospheric glow discharge with a single power supply. The discharge rig was composed of a ground stainless-steel plate electrode and several parallel copper pin electrodes, each of which was added in series with a capacitor of 22 pF and connected together to a high voltage power source with a sinusoidal frequency of 10 kHz to 100 kHz. The capacitors were important to stabilize the discharge because of their capacitor resistance. These discharges are refered to as R-type APGD and C-type APGD, respectively.
In present work, an atmospheric pressure discharge mode is proposed. The experimental apparatus was composed of two elaborated electrodes and an alternating current (AC) transformer of 50 Hz only, without any added ballast element. A stable operation was performed by the impedance of the transformer with a high transformation ratio. Compared with the aforementioned, it is defined as the L-type atmospheric pressure discharge mode. Due to the I-V characteristics, this discharge mode is named atmospheric pressure abnormal glow discharge (APAGD).
This paper includes four sections, presenting a description of the experimental rig, the characteristics of APAGD, a simulation of the discharge process, and an estimation of the electron temperature and electron density in APAGD. a high transformation ratio of 1 : 500. The direct current (DC) resistance and the impedance of the transformer were 6 kΩ and 53 kΩ, respectively. The voltage between the two electrodes and the discharge current in the circuit as well as the discharge power were measured by a RIGOL DS5022M digital oscilloscope (RIGOL ELECTRONIC CORP. BEIJING, CHINA).
Experimental setup
The measuring tips are shown in Fig. 2 . 
Characteristics of APAGD
When an high AC voltage with a frequency of 50 Hz was applied between two electrodes, a discharge occurred in the gap with a photo shown in Fig. 3 . A typical I-V characteristics are shown in Fig. 4 , and the oscillogram of a stable discharge is given in Fig. 5 . Before breaking, the AC voltage was raised to about 7000 V in a mean-root-square value, while after breaking, due to the feedback of impedance of the transformer, the voltage on the generator automatically fell down to several hundred volts, when a stable discharge was maintained. During the discharge, the glow ran through the discharge gap between two electrodes, and appreciably expanded to cover the plate electrode. The size of the discharge channel was about φ 6 mm×10 mm. The discharge current was over 10 mA. Measured by a digital thermocouple, the gas temperature in the discharge gap was 700 K to 900 K. These suggested an abnormal glow discharge, because the discharge current increased with the increase in discharge voltage, and the current density was about several hundred mA/cm 2 , which was very different from that of an arc or normal glow discharge. This discharge mode took on some notable characteristics of a moderate plasma temperature, namely larger dimensions and uniform discharge space. The primary advantage of LI Xiang et al.: Study of Atmospheric Pressure Abnormal Glow Discharge this kind of plasma is more preferable to some chemical gas reactions [8, 9] , because its energy density in the discharge space is higher than that in either a DBD or a corona discharge, and lower than that in an arc discharge.
It is remarkable from Fig. 5 that the current and voltage of the generator are in-phase, and though the current is a sine wave, unexpectedly, the voltage is nearly a square wave. In next section a detailed discussion of the phenomena will be given.
Simulation of discharge
The discharge current, I, can be determined by Kirchhoff's second law
where ε is the electromotive potential, I is the discharge current, r and L are resistance and inductance of the secondary coil of the transformer, respectively, and U is the voltage between two electrodes. Particularly ε can be expressed as:
And U can be approximately considered as square wave, expanded in a Fourier series,
where ε 0 measured by the primary voltage of the transformer is 6364 V, ω is 314 rad/s, L is 169 H, r is 6 kΩ, and U m as estimated from Fig. 2 and Fig. 5 is 666 V. Substituting Eqs. (2) and (3) into Eq. (1), and applying an initial condition of I = 0 at t = 0, the discharge current can be expressed as
The time evolution of the discharge current is shown in Fig. 6(a) . Considering U = I × R P , R P , the instantaneous resistance of the plasma during the discharge is given in Fig. 6(b) . From Fig. 6 , one can see that, at the beginning due to the influence of the attenuation item e −(r/L)t in Eq. (4), the sinuous discharge current has a slight down drift, but it quickly becomes stable with the time evolution. The stable wave is approximately consistent with the measurement shown in Fig. 5 . Due to the impedance of the transformer, there is a phase difference between the stable current and electromotive potential. With the analysis above, we can give an interpretation for Fig. 5 , where the current behaves sinuous because it is mainly driven by the electromotive potential ε, and the voltage on the generator behaves approximately square because of the nonlinear response of the plasma resistance to the discharge current.
Electron temperature and electron density in APAGD
According to the knowledge of the discharge voltage and current as shown in Fig. 5 , the electron temperature can be estimated by the following equation [10] :
where T e is the electron temperature averaged in space, T g the gas temperature, λ e the electron's mean free path for elastic collision, e the electronic charge, E the electric field intensity, K the Boltzmann constant, and m g and m e are the mass of the heavy particle and electron, respectively. For a typical operation, E, estimated from Fig. 2 and Fig. 5 , is about 6.67× 10 4 V/m, T g is 873 K, λ e for elastic collision is assumed to be 5× 10 −7 m [11] , and m g is 4.648× 10 −26 kg. Substituting the parameters into Eq. (5) T e = 2.73 eV.
Supposing the current profile of the discharge channel is constant, from Joule's Law
where v e is the root-mean-square speed of electrons,
S is the section of the discharge channel, corresponding to 2.83× 10 −5 m 2 . Substituting Eq. (4) into Eq. (7), the time evolution of the electron density during the discharge can be obtained. It is shown in Fig. 7 . The time average of the electron density during the stable discharge is about 3.45× 10 12 /cm 3 .
Fig.7 Time evolution of electron density

Conclusion
L-type APAGD was investigated both experimentally and theoretically. The investigation showed that stable operation benefited from the feedback of the transformer's impedance. As a non-equilibrium plasma, the discharge characteristics shown in Fig. 3, Fig. 4 and Fig. 5 revealed that it was different from DBD, corona, APGD and arc, but more similar to a gliding discharge [12] . A simple simulation interpreted the sinuous discharge current and square voltage shown by the oscillogram during APAGD. Electromotive potential from the transformer was the main force to drive the sinuous current, and the nonlinear response of the plasma resistance to the discharge current was responsible for the square voltage. Furthermore, the electron temperature and electron density during the stable discharge were estimated, and the results seem to agree with current knowledge of the lower temperature plasma. However, the electron temperature and density obtained in this work might be higher than those in an actual case, as only the elastic collision and zero-dimension model were considered in our estimation.
